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ABSTRACT

The suggested mathematical model for a free turbulent
Jjet of high-temperature gas with admixed monodisperse
particles subjected to the processes of heating, melting
and evaporation, can be used as a basis for theoretical
and experimental studies of the interphase momentum,

heat end mass transfer in heterogeneous plasma jet flows.

1._INTRODUCTION

Two-phase turbulent jet flows with admixed droplets of
sprayed liquid or solid particles in the suspended state,
have been extensively used in various fields of science and
engineering, Their dynamic peculiarities are different, e.g,
a turbulent two-phase jet with admixed liquid drop particles
can be obtained by the injection of a jet of decomposing
liquid into the gas medium, A jet with solid particles is
obtained only through gas-injected admixtures.

Howadays numerous fundamental theoretical and experimental
data are known from the literature 1,2,etc., concerning the
processes of momentum and mass transfer in steady-state
turbulent isothermal two-phase jet flows. But, although the
high-enthalphy heterogeneous jet flows find significantly
more extense practical application (plasma technology, jet
and power mechanical engineering, rocketry, etc.), no mathe-
matical model is as yet known, which would sufficiently
completely describe gasdynamic peculiarities and the inter-
phase transfer accounting for such important factors as
dynamic and thermal nonequilibrium of phases in the averaged
and pulsation motion, the effect of admixed particles on the
Jet turbulence, the effect of phase transformations on the
gas flow parameters, etc.

Few literature data 3,4,etc. cannot clarify the problem,
loreover, at the present atate of the art in the study of
two-phase flows and, in particular, of high-enthalphy hete-
rogeneous jets, it is necessary to aprobe and test experimen-
tally the applicability of various equations of motion and
energy of multiphase media.

The present study was aimed at the numerical modelling
of a thermally local-equilibrium plasma jet flow with admixed
monodisperse particles with taking into account their
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heating, melting and evaporation, and it is & continuation
of the previous work 5 ., The description was based on the
general averaged gotion and energy equations for turbulent
multiphase flows sT , obtained according to the method of
space and time averaglng of the initial balance integral
relations.

2. RESULTS

Congider a jet flow of hﬁfh—enthalphy gas ejected from an
anmular nozzle orifice n into the gas medium of the same
composition, We will restrict ourselves to two axisymmetric
methods of powder injection into the jet: 1) ingide the
nozzle channel and 2) at some angle B to the jet axis
through an annular slot of the width i  directly adjoining
the nozzle orifice (Fig. 1,a,b).

powder

¢
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a) b)

Fig.1. Schematic representation of the jet flow.

The powder is assumed to be monodisperse and its thermophysi-
cal properties to be the known temperature functions. The
effect of the carrier gas due to its small discharge is
neglected. In what follows the following assumptions will

also be used: 1) the jet flow ie isobaric, steady and satis~-
fies the conditions of local thermodynamic equilibrium;

2) the turbulent transport of substance along the jet axis is
pignificantly lower than the convective transfer, i.e, the
boundary layer approximation is valid; 3) the terms of the
cnergy equation characterizing mechanical motion are small
compared with the heat terms; 4) the local temperatures and
velocities for a plasma-generating gases and particle vapours
are similar; 5) the effect of gravitational forces on the
particles motion can be neglected (if this effect doen not
disturb the axial symmetry, it can readily be taken into
account); 6) the particles heating is gradientless; T7) the
evaporation of particles in the temperature range from melting
to boiling can be neglected, which holds for the metals whose
vapours are low-pressure (this assumption is insignificant,
gince particles evaporation in the above temperature range can
be taken into account, e.g. like in 8 ; 8) the direct interac-
tion between particlen can be neglected; 9) the processes of
particles vapour condensation are not taken into consideration.
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The indices P , N g , and § will be given for the
parameters of particles zirrespective of their solid or liquid
states), their vapours, plasma-generating gas and gas-vapour
mixture, respectively.

Taking %n%o account the above-said and having separated
equations °s/ to stages, we will obtain the following system
of equations of:

- mass balance, momentum and heat of particles

%;PPSP"G:‘ , (1)
'EE PoSplizy = F!p = WEPG:.“ 5 (2)
B pysiy <F,, - 0,6y 3
I poyh, = Oyes Q- Oy - 00 5

- mass balance of particle vapours and plasma-generating gas

'B’ @

2 PaSa= Gy s (5)
&

L psy=0 s (6)

- balance of momentum, turbulence and heat energy for gas-
-vapour mixture

&

1, @ 3 W
at wa!f=" }P"w;pGp + i r}.l, -a—':'i‘ 5 (N
B’ (€2} =) (&)
Igpf’(f"-K;'K;‘Kp $ (8)
*
T8
c%.? 5:—%:-3—‘_ rS;h;%}f -UPc—upr+ cf’“tPGP 9 (9)

- relation between bulk concentrations of the components
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Sp+ Sa+ Sg=1. (10)

In (1)=(9) the following nomenclature is used Se¢ . Pe o Wse -
Wre » he are the bulk concentration, density, longitudinal
and trensverse velocity components and enthalphy corresponding
to the 1—-th component ( L=psn,9.§ )3 GY  is the power
of mass flow of particles due to their evaporation; Fep »
Frp are the projections of the force acting on the particles
on the part of the gas-vagour mixture; Gpey Blor are
the convection and radiation heat fluxes characterizing the heat
transfer between the disperse phase and the gas-vapour medium;
Q}.‘;‘ ’ QFs are the intensities of the heat fluxes consu-
med for melting and evaporation of the particles; Mgy Ag
are the coefficients of dynamic viscosity and thermal conduc-
tivity of the gas-vepour mixture; KY', K% are the
generation and dissipation of the turbulence energy

k,=[<w;}>*<w;§>+<w;‘,>]/1 of the gas-vapour mixture;
K',;} ig the sdditional dissipation of the turbulence energy

determined by the particles inertis in the averaged and pulsa-
tion motions; Ps = PaSa+ P3Sg , where Sg5=S5a¢Sg s  Cpe 1is
the specific heat capacity at constant pressure characterizing
the 1-th component; Qs = PaSahn + PySohs is the heat
content of the gas-vapour mixture. ng/4t is the differen-
tial operator

#
.%‘PE%W;:*irsa‘.:r{‘i’wrc+<‘!'"‘ﬂ">}v Lps (1)

where Y is the arbitrary scalar substance; two primes mark
the pulsations of the respective values; <--> marks the
space-time averaging. Equations (1)-(9) are written in the
cylindrical system of coordinates, whose origin is localized
at the nozzle center and the Z-axis coincides with the axis
of the jet. i

Force interaction between particles of the mixture and goo-
vapour medium at Ps=<< Pp , which is the case for the flow
under consideration, is represented as:

- -
Fip =3 Cs(Re,,Mp) Poﬁ’: W= Wpl- (W -Wip) (12)
where {=%,F and the18a1culation of the drag coefficient

ig based on the relation accounting for the effects of the
medium inertia and compressibility; dp 1is the particles
diameter,

'%'}119 convective heat flux to the particles can be represented
as :

QPC= GSP.R}NU-p(t"lP)/d:' ] (13)
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where s s
8.5 0.3 .
NU,P= 1 + 0.55 RQP pr + I.Sﬁ;' o (14)

In (13)-(14) ty,tp are the local temperatures of the gas-
vapour mixture and particles;’ Rer’PidP'|wFﬁpl/)li and

R€P= p,dpﬂlk‘/p4 are the Reynolds numbers for the

relative motion of phases in the averaged and pulsation
motions, respectively.

The radiation heat transfer between particles and medium
ig estimated 12 as:

Qpr = 6Spet 6 (t5-13)/d5 (15)

where &(tp)=&+Ttp is the absorbability; € 1is the
Stefan-Boltzmann constant and(‘e,j‘ a are the constants.
Al (&%) =2 =)

Equations to describe Ups » Qps KT , Ki ; K‘,
and mglting of the particles were taken from the previous
work 2 . Equatiomns (1)-(9) weie closed using the semi-emplri-
cal turbulence hypotheses 5,13 , Besides the previously used
equation for the turbulent analog of the Shmidt number SCP ’
we have used the equation

1/Sc,=(1—€'?)[1-%(1—8'7)] . (16)
where 7=C11/1} ; Te = L/Yak; is the Lagrange time scale
of the turbulence; T}==p,d%/(13p,) is the characteristic

time of the particle dynamic relaxation and € 1is the
constant whose numerical value is determined via the correla-
tion of calculated and experimental concentration distribu-
tions of the disperse phase in the jet cross sections.

The constructed mathematical model of the free steady jet
flow of high-enthalphy gas with admixed metal particles
subjected to heating, melting and evaporation processes, vas
used as a bagis for the theoretical and experimental studies
of the interphase momentum, heat and mass transfer in hetero-
geneous plasma jet flows. Some calculation data on the beha-
viour of metal powders in jet flows which are of interest for
plasma sprayed coatings preparation, were described elsewhered,
Here we describe the results of the aprobation of the sugges-
ted model for several model jet flows with admixed disperse
particles.
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